Composite analyses of the atmosphere over the central United States during elevated thunderstorms producing heavy rainfall are presented. Composites were created for five National Weather Service County Warning Areas (CWAs) in the region. Events studied occurred during the warm season (April-September) during 1979-2012. These CWAs encompass the region determined previously to experience the greatest frequency of elevated thunderstorms in the United States. Composited events produced rainfall of >50 mm 24 hr −1 within the selected CWA. Composites were generated for the 0-3 hr period prior to the heaviest rainfall, 6-9 hours prior to it, and 12-15 hours prior to it. This paper focuses on the Pleasant Hill, Missouri (EAX) composites, as all CWA results were similar; also these analyses focus on the period 0-3 hours prior to event occurrence. These findings corroborate the findings of previous authors. What is offered here that is unique is (1) a measure of the interquartile range within the composite mean fields, allowing for discrimination between variable fields that provided a strong reliable signal, from those that may appear strong but possess large variability, and (2) composite soundings of two subclasses of elevated thunderstorms. Also, a null case (one that fits the composite but failed to produce significant rainfall) is also examined for comparison.
Introduction
Elevated thunderstorms, as studied by [1, 2] , are thunderstorms that occur over a very stable surface boundary layer, essentially cut off from surface-based instability. In the United States, elevated thunderstorms are most common in the middle third of the country, having a climatological maximum located in eastern Kansas [1] . Reference [1] used three criteria to discriminate elevated thunderstorm station reports from surface-based thunderstorm station reports: (1) the observation must lie on the cold side of an analyzed front that shows a clear contrast in temperature, dew point temperature, and wind; (2) the station's wind, temperature, and dew point temperature must be qualitatively similar to the immediately surrounding values; and (3) the surface air on the warm side of the analyzed front must have a higher equivalent potential temperature ( ) than the air on the cold side of the front. These three criteria have been incorporated into several studies and climatologies to evaluate elevated thunderstorms (e.g., [3] [4] [5] [6] [7] ).
Yet, elevated convection can take a variety of forms and can be very similar to surface-based convection. Reference [8] describes the challenge of finding the originating layer of parcels making up a convective cloud. Surface-based convection often incorporates elevated parcels; likewise elevated convection can bring surface parcels into its updraft. The distinction between surface-based and elevated convection can be highlighted by the height at which parcels originate. This 2 Advances in Meteorology difference becomes especially hard to make as convection transitions from surface-based to elevated convection and vice-versa [8] .
The two most common severe weather threats associated with elevated thunderstorms are heavy rainfall leading to flash flooding and hail [3, [8] [9] [10] . This study focuses on elevated thunderstorms that produce heavy rainfall in the geographic region encompassing the elevated thunderstorm occurrence maximum found by [1] , but with a relaxed set of selection criteria as alluded to by [8] . As such, a more holistic view of elevated convection is employed, one which still requires the basic ingredients (moisture, lift, and instability) for deep moist convection [11] . Yet, this view foregoes the rigid need for a significant frontal boundary/inversion [1, 7, 12, 13] and the possibility for surface-based parcels to be incorporated into the layer above an inversion [8] , even though the latter influences the vertical wind profile (which can lead to "training echoes" (e.g., [14] )) as well as the inflow layer [15] . Indeed, there is mounting evidence that a spectrum of convective types exists between purely surface-based and purely elevated convection (e.g., [16, 17] ). Therefore, the goals of this study are to (1) compare current composites to previous findings regarding synoptic and mesoscale environmental conditions that lead to the development of heavy rain producing elevated thunderstorms, and (2) differentiate elevated thunderstorms that produce heavy rainfall from those that produce significantly less rainfall in similar synoptic settings.
To accomplish these ends, this paper will take the following form. In Section 2, we will detail the data employed in this study and our analysis methods. Section 3 details our composite analyses. Section 4 offers a null case, which appears to conform to the composites, yet fails to produce widespread, significant rainfall. Section 5 offers concluding remarks.
Data and Methods
To analyze the environment of the heavy rain producing elevated thunderstorms, events were collected within five National Weather Service (NWS) County Warning Areas (CWA; Figure 1 ): Pleasant Hill, Missouri (EAX); Springfield, Missouri (SGF); Tulsa, Oklahoma (TSA); Wichita, Kansas (ICT); and Topeka, Kansas (TOP). Because the individual CWAs had quite similar results, we focus on EAX for the bulk of the paper.
Event Selection.
Heavy rain producing thunderstorm events, those having precipitation greater than 50.8 mm 24 hr −1 within one of the aforementioned CWAs, were chosen after analyzing daily (i.e., 24 h period from 1200 to 1200 UTC) precipitation from the US Unified Daily Precipitation Analyses (http://www.esrl.noaa.gov/psd/data/gridded/data .unified.daily.conus.html) for the months April through September between 1979 and 2012. In order for any one of these events to be considered elevated, one of the following conditions had to be met:
(1) The precipitation occurred on the cool side of a clearly defined 2 m gradient (as in [1] ; detailed above), or (2) there was a low-level inversion in both the vertical profile and the reanalysis sounding (more in keeping with the continuum concept of [8] for the location of maximum precipitation, immediately prior to precipitation onset. These methods will be described further below. In this study, 50 mm (∼2 in.) of precipitation within a 24 h period was chosen because the 100 mm (∼4 in.) criteria in [7] failed to generate enough events in any of the five CWAs for the results to potentially be statistically significant. However, this threshold included many flash flood events (70%, between 1996 and 2010 according to the online Storm Events Database (http://www.ncdc.noaa.gov/stormevents/)) and provides a unique study sample that exceeds [7] in quantity and [1, 2] in temporal coverage.
North America Regional Reanalysis (NARR) grid files were then used to provide long-term, coherent meteorological details on each event in the 34-year period. The NARR is a 32 km, dynamically consistent atmospheric and surface hydrology dataset created by assimilating observations from multiple sources [18] . The dataset covers the period from 1 January 1979 to the present, with eight grids created for every day covering three-hour time periods. The start time for each event was defined as the time immediately prior to the NARR 3 h accumulated precipitation maximum.
Once the time for each event was found, the NARR 2 m and 3 h accumulated precipitation were used to determine if the precipitation maximum resulted from elevated convection (i.e., on the cold side of a surface boundary or above a low-level inversion). This was further corroborated by a subjective analysis of the surface for each event. If an identifiable surface boundary south of the precipitation maximum was not found [1] , a point sounding was created using the NARR dataset to determine if an inversion (e.g., [8, 15] of at least 25 hPa in depth (an arbitrary but typical value), at or above the surface, was present for the event to be considered elevated. Events were thus sorted into (1) frontal Advances in Meteorology 3 or (2) nonfrontal, for both climatological and sounding analysis.
Analysis is also shown for the EAX CWA to look at the distribution of events by month through the warm season. To do this the events which occurred for each month from April through September were counted. This method was repeated to show the favorable time of day for events to occur. Simple spreadsheet manipulation tallied the number of events that occurred at the eight, three-hour synoptic times between 0000 UTC and 2100 UTC. This process was performed for the two classes of elevated convection defined above: both frontal events and those with only an inversion.
Creating
Composites. This methodology yielded a database of heavy rain producing elevated thunderstorm events for each CWA that included the date, time, and location for each event. The complete list of the events used in the EAX composites can be found in Table 1 . These events were used to generate CWA-centric, systemrelative composites for the heavy rain producing elevated thunderstorms 12-15 hours before, 6-9 hours before, and 0-3 hours before the event time using software developed at Saint Louis University (e.g., [7, 19] ). For each elevated thunderstorm event, a 207-by-207 grid (32 km by 32 km grid spacing) was extracted from the NARR dataset that was centered on the precipitation maximum, and these grids were used to create the system-relative composites for each CWA. Once the composites were generated, the results for each CWA were geographically centered on the CWA polygon for display purposes.
We note that the NARR fields were employed to generate these composite fields, and ∼61% of the events (20 of the 33 post-1995 events for which adequate radar data existed) examined had convection ongoing at the event time. In spite of this potential "convective contamination," the composites leading up to the event time (not shown) were trending in the direction of the signatures shown here. Moreover, these patterns and trends have been observed by the authors numerous times in operational numerical model output.
It is also acknowledged that the composite analysis approach has inherent limitations that may lead to misinterpretation of the results. Most notably, when averaging numerous events together important details in each event can be lost as the initial Barnes analysis and composite averaging can reduce the magnitude and alter the location of features [7] . Therefore, it is important to analyze the individual events in the database to determine if the composite results are representative of the case. In order to analyze the representativeness of the composite results, selected spaghetti plots were created and examined. However, this subjective analysis was formalized by computing interquartile ranges, which were generated by subtracting the 25th percentile parameters from the 75th percentile parameters. This method highlights the magnitude and spatial variability in each parameter relative to the averages.
Finally, composite soundings were created for the location where the heaviest rainfall began, for the time 0-3 hours prior to the start of that rainfall, using the approach developed by [20] and employed by others (e.g., [21] ). With this approach, the top and bottom of the inversion, both (1) associated with a frontal zone (following [1] ) and (2) from other nonfrontal origins (following [8] ), were the features that we sought to preserve.
Composite Analyses

Monthly and Diurnal Patterns.
The monthly frequency of the heavy rain producing elevated thunderstorm events in the EAX CWA is shown by the total monthly tallies in Figure 2 . In contrast with the results in the 1979-1982 study in [1] , many of the 60 events in this database, both of the [1, 8] variety, occurred during the month of July (23) and the least occurred in April (2 events). However, the [1] study counted each synoptic report of elevated convection. The present study evaluates only episodes of elevated convection with heavy rainfall and treats every such episode as a single event, linked to its start time (discussed in the previous section), though there may have been multiple synoptic reports in each episode. Not surprisingly, a diurnal signal is present in the database (Figure 3 ), as most of the events occurred between 0600 UTC and 1200 UTC, with nonfrontal events maximized at 0600 UTC and frontal events at 1200 UTC. Furthermore, 90% of the events occurred between 0300 and 1200 UTC. Although [1] could not conclusively determine the validity of a diurnal tendency in his database, these results clearly show there is a clear diurnal (overnight) preference for heavy rain producing elevated thunderstorms (of both kinds) in the central United States, due likely to the activation of the lowlevel jet above a stable boundary layer (e.g., [12] ), which we corroborate with the cross-section analyses herein.
Environmental Analysis.
The system-relative composites generated for the five NWS CWAs showed quite similar elevated thunderstorm environments. Therefore, the composite results from the (EAX) CWA will be used to represent the environmental analysis seen with heavy rain producing elevated thunderstorms in this region.
Upper-Air Analysis.
For the composite event, the region of heavy precipitation is just upstream of a 250 hPa ridge, While the trough at 250 hPa propagates eastward over the 12 hours leading up to the event (not shown), the jet streak in all five CWAs tends to build backward, appearing to strengthen or propagate westward. While the IQR plots show some incongruity between events in the location and magnitude of the jet streak to the northwest (Figure 4 (c)), lesser spread (<30 kts, or <15 ms −1 ) is located over the entrance region of the jet streak to the northeast. This intensification could be in response to the convection developing over the region. Strong divergence and diffluence near the uppertroposphere in the storm region can be attributed to the significant upward transport of mass and latent heat released during condensation. The divergence and diffluence create a new jet streak with the storm area located in its right entrance region (e.g., [22] ). A weak maximum in divergence is located over the event location 12 hours prior to the event; this maximum remains fairly weak over the next six hours, as the jet streak to the northeast strengthens westward (not shown). Mean and spread plots for the event time show that weak divergence at 250 hPa is common 12 and even 6 hours before the event time, with little spread (<4 × 10 −5 s −1 ) over the region, likely highlighting disagreements in location more than magnitude. By the time of the event (Figure 4(a) ), divergence has increased dramatically over the event location. The IQR shows spread (Figure 4(d) ) among the composited events in the location of the divergence maximum over the site where heavy rainfall occurs. The large spread is due in part to the location of the of the parent jet maximum, a sample of which is shown in Figure 4 (e) using the 90-knot isotach from each event; it also reveals a clear preference for events to occur on the equatorward side of the upper-level jet maximum.
At 500 hPa, a weak ridge is situated over the region as identified in prior research (e.g., [5, 7] ), with the event location just upstream of the ridge axis ( Figure 5(a) ). The IQR plot ( Figure 5(b) ) indicates that the location is fairly consistent between the cases within the composite, but the magnitude of the ridge and troughs on either side may differ. It is also evident from the mean that weak positive vorticity advection occurs just ahead of the event, as an increase of 1-3 × 10 −5 s −1 is seen in all the composites over the 6-hour period leading up to the event ( Figure 5(c) ). Though this may occur, the spread plots indicate a spread over the location of >5 × 10 −5 s −1 , meaning that the vorticity maximum is not a systematic feature of these events. 
Low-Level Analysis.
The composites at 850 hPa reveal a height gradient over the event region, with lower geopotential heights to the northwest and greater heights to the southeast ( Figure 6 ). The gradient strengthens from 12 to six hours earlier (not shown), generating a south-southwesterly lowlevel jet with mean winds increasing from <20 kt at 12 hours prior to exceeding 25 kt at the event time ( Figure 6(a) ). The event is located in the left exit region of the low-level jet, consistent with the results found in [1, 7] . The 850 hPa IQR plot ( Figure 6 (b)) suggests variability mainly over the location of the low-level jet, in the east and west directions. There appears to be a greater variability in magnitude of the low-level jet earlier before the event, but at the time of the event, the larger spread is found to the east and west of the feature (Figure 6(c) ). This IQR result suggests significant variability, yet our experience supports the previous conclusion (e.g., [1, 7] ) that the best location for the development of heavy rain is in the left exit region of the low-level jet. The spaghetti plot of the 35-knot isotach at 850 mb (Figure 6(d) ) supports this view.
The formation of the low-level jet coincides with the 850 hPa advection maximum that appears at 850 hPa (Figure 7(a) ), along the exit region of the low-level jet. The advection maximum is located over or just northeast of the event location, to the north of the 2 m boundary (Figure 7(a) ). This maximum represents the location of mass convergence occurring along the northern extent of the low-level jet. This convergence region often represents the location of the southern extent of the low-level stable layer. The IQR plots (Figures 7(b) and 7(c) ) show that although this feature exists, there is a large difference in both the magnitude and location of this advection maximum; therefore, this is clearly not a good parameter to use alone for finding the location of a heavy rainfall event. Yet, the IQR in the 2 m boundary (Figure 7(c) ) reveals the event to be on the cool side of the surface boundary, with values changing much more gradually in space.
Stability Analysis.
Many different metrics were examined to assess the stability profile for each event. Of those, the most unstable convective available potential energy (MUCAPE) and the Index produced the most robust signals. The Index (e.g., [23] ) performed particularly well in this analysis, likely because it considers only the environment above 850 hPa and the calculation stays above the low-level stable layer most of the time. MUCAPE finds the most unstable parcel in the lowest 300 mb and uses that to calculate the potential instability of the environment, and because several of these cases occurred either after a frontal passage or after dark, the surface-based parcel is found to be the most unstable 12 hours prior to the event. As a front approaches Advances in Meteorology or the sun sets, the surface-based instability decreases, and MUCAPE begins to come from elevated parcels. This means that although the MUCAPE may continue decreasing during the 12-hour period leading up to the event (Figure 8(a) ), the decrease should be less over the event location. Using the index, the elevated-unstable region stands out much more prominently than when using MUCAPE.
Although the composite MUCAPE reveals a fairly unstable environment, the index performs better at showing the increase in elevated instability with time. While MUCAPE values decrease over the region from 12-hour prior toward the event time, -index values increase from 30 to 35 (not shown). The 30, and eventually 35, contours appear to surge northward from the south-southwest, along the low-level jet, eventually placing the event location in the northeast part of the 35 contour.
The IQR plots show that the index (Figure 8(b) ) is the better parameter to use for analyzing the increase in elevated instability. Twelve and six hours prior to the event (not shown) the region is covered by a MUCAPE spread of >2000 J kg −1 . During the same time periods, the index spread over the region is <7.5. While the spread in both decreases at the time of the event, the MUCAPE spread is still >1500 J kg −1 over the event location (Figure 8(c) ). This is larger than the mean (1000-1500 J kg −1 ). The index spread at the event time reduces to <5. That is within one contour interval of the mean. Indeed the spaghetti plot of Index = 40 (Figure 8(d) ) reveals clustering around and west of the EAX CWA.
Analysis of Heavy Rainfall Predictors.
To analyze the amount of moisture in the thunderstorm environment, this study examines precipitable water values, in accordance with the method used by [7] . Reference [24] suggested looking at several other parameters, including the 1000-500 hPa thickness for a diffluent pattern when forecasting a heavy rainfall event. The mean fields at the time of the event show a weak low pressure system just west of the event site, with precipitable water values >45 mm (∼1.8 in.), and embedded in a region of 1000-500 hPa diffluent thickness (Figure 9(a) ).
Sea level pressures show some variance in the IQR plots ( Figure 9(b) ), and these values are greater further poleward. Indeed, our day-to-day experience with such events has shown that neither a closed low nor a trough is required for the generation of heavy rainfall. Looking at 1000-500 hPa layer thickness, all the composites show diffluent thickness patterns over the event region as early as 12 hours prior to the event (not shown), which appears to expand further downstream in the last six hours before the event. It is interesting to note that there appears to be little spread in the thickness field (<4.5 dkm) over the event location from 12 hours up to the event time (Figure 9(c) ). This indicates that the diffluent thickness pattern is common within a large number of the composited events. Lastly, moisture exists in abundance, even twelve hours prior to the event, with precipitable water values exceeding 35 mm (∼1.4 in.; not shown). As the event time approaches, moisture is advected in by the low-level jet, increasing precipitable water values to over 41 mm (∼1.6 in.) by the time of the event (Figure 9(a) ); note that the EAX area was the outlier with values greater than 46 mm (∼1.8 in.). Even so, the IQR is minimized (12 mm or ∼0.4 ) at the event time (Figure 9(d) ). The spaghetti plot of 50 mm of precipitable water (Figure 9 (e)) again reveals clustering around the EAX CWA.
Cross-Section Analysis.
A cross-section through the heavy rainfall event region 12 hours prior to the event (Figure 10(a) ) shows an established direct thermal circulation, created by the entrance region of the upper-level jet streak. A potentially unstable layer is present over the event location, as seen by the decrease in with height up to 700 hPa. This pattern persists six hours prior to the event (Figure 10(b) ), and the enhanced low-level flow (shown by the 15 kt isotach) has developed toward the south and the surface. Finally, at the event time (Figure 10(c) ), the ageostrophic circulation vectors show well the interaction of the lower-level flow and upperlevel jet, although one could argue that some of the composite members had already been contaminated by convection, even in the NARR assimilation process. Indeed, the significant upward (downward) surge of the 333 K contour near the surface (aloft) near the center of the plot (Figure 10(c) ) suggests significant latent heat release.
Even so, the low-level flow also drives the warmer air above the shallow stable boundary layer (Figure 10(c) ) upslope until it becomes incorporated into the direct thermal circulation created by the entrance region of the upper-level jet streak. Equivalent potential temperature on the crosssections shows the background potential instability where decreases with height over the event region ( Figure 10 ); in all of the composite cross-sections this is found to occur between 850 and 700 hPa. Mixing ratio plotted on the crosssections shows moisture ascending in the column of vertical motion as well, with values of 3 g kg −1 ascending to 500 hPa (Figure 10(c)) . Meanwhile, the 65-knot plane-normal isotach steadily expands throughout the 12-hour period.
Sounding Analysis.
In an effort to distinguish between frontal and nonfrontal elevated convection cases, composite soundings were also created for each class of event; these results are detailed in Figure 11 . In the case of the frontal composites (Figure 11(a) ), a clear frontal inversion existed in almost every one, so an inversion top and bottom were actively sought, averaged, and included in the plot. This was done in the nonfrontal case collection too (Figure 11 (b)), with interesting differences from the frontal collection. Standard deviation "channels" are also included to highlight variability in the frontal (Figure 11(a) ) versus the nonfrontal (Figure 11(b) ) composites.
One feature that we note immediately is that the mean atmosphere is cooler in the frontal composite (Figure 11(a) ) than in the nonfrontal composite (Figure 11(b) ). Indeed the temperature at the surface level is one standard deviation cooler in the frontal than the nonfrontal composite. With regard to moisture, the frontal composite (Figure 11(a) ) has lower dew point temperatures in the layer below 825 mb than the nonfrontal composites (Figure 11(b) ). Yet, the lowest ∼50 mb possess notably smaller dew point depressions in the frontal cases; the same is true between 850 and 450 mb.
The resulting stability differences (based on the most unstable parcel) represented by these profiles are significant. The frontal composite (Figure 11(a) ) reveals a much higher most unstable lifting parcel level, well above the mean inversion top, while the nonfrontal composite parcels originate lower in the atmosphere where normal lapse rates resume (Figure 11(b) ). The frontal composite also features a comparable most unstable convective inhibition (MUCIN) value to the nonfrontal composite, but the most unstable convective available potential energy (MUCAPE) is much smaller in the frontal composite (Figure 11(c) ). We also note that the composite for the frontal case collection suggests a convective column, which, on average, should be more shallow than its nonfrontal counterpart, as the equilibrium level (EL) is much lower in the frontal composite ( Figures  11(a) and 11(c) ).
Finally, we look to wind differences between these two composites ( Figure 11(c) ). There is a stark difference in the lowest ∼100 mb, with a deeper, more consistent easterly flow below the inversion in the frontal case composite as opposed to the nonfrontal composite. Thus, both profiles exhibit veering signatures in the lowest 100 mb, suggesting warm advection; not surprisingly, this is more pronounced in the frontal composite. Above the inversion level, the profiles are a different color) . The star is located at the centroid of the CWA. Heavy dark line in Figure 9 (a) is the cross-section line in Figure 10 . strikingly similar. This view is corroborated by the nearly identical 0-6 km storm motion vectors of the frontal (from 270 ∘ at 17 knots) and nonfrontal (from 275 ∘ at 18 knots) case composites.
Null Case
With this work, we have used a large dataset of >30 years of elevated convection with heavy rainfall to corroborate the findings of previous investigators with our mean fields, along with adding a variability element to our analysis via the inclusion of the interquartile range on the mean plots. The mean fields also afforded the opportunity to seek out and examine an event that had many similar atmospheric fields and yet failed to produce significant precipitation. This was done via the analog engine at Saint Louis University. composite patterns were matched for dozens of days. This matching process involves the computation of the spatial correlation and the mean absolute error over the region of interest for each parameter. These values are combined into a score which represents the spatial correlation that is reduced by the mean absolute error. These scores are aggregated into a single ranking to provide an estimate of the overall agreement between the composite and each day examined. This matching process involves a series of correlations and a minimizing of the root mean square error for each parameter and level between the composite and the individual date. These values are then aggregated to form a single ranking of the matched individual dates from best to worst. From this list, events that were in the composite were removed immediately. The others were "false alarms," meaning that they did not exceed the criteria for the composite. Not surprisingly, 17 of the top 20 matched dates featured some rainfall (but below the study threshold) in the EAX CWA, and 3 of the top matches were the very same dates that went into the making of the composite analyses. Yet, there was one date, ranked 4th, in the analog matches that produced no significant widespread precipitation in the EAX CWA. This sample suggests a false alarm rate of 17 in every 20 instances (85%) if one were to simply follow the composite with no other guidance. As before, we begin our analysis with the 250 hPa jet ( Figure 13 ) and we can see zonal flow across the EAX CWA. A 100+ kt jet streak existed to the northeast over Wisconsin, with an elongated region of divergence in the streak's right entrance region and maximized over central Illinois. Even so, the interquartile range of the 250 hPa divergence plot (Figure 4(d) ) would still allow for the EAX CWA to be a viable candidate for heavy rainfall.
Case Selection.
19 August
With 500 hPa analysis being unrevealing in this case (not shown), the 850 hPa analysis reveals broad southwesterly flow at that level, with a tiny 30 kt jet core over southeast Kansas (Figure 14(a) ). This placed the EAX CWA along the axis of the strongest flow, but the location in southern Iowa that experienced the rainfall would have fallen under the left exit region of the upper-level jet streak in question. Indeed the strongest advection at 850 hPa ( Figure 13(b) ) extended from the location of the heaviest rain, eastward to central Illinois, beneath the level of the strongest 250 hPa divergence.
This scenario is repeated in both the index field ( Figure 15 ) as well as the precipitable water field (Figure 15 ). In both parameter plots, there are significant values over the EAX CWA, but the more pronounced signal existed further to the east over central Illinois. index values exceeded 40, while the precipitable water values were over 50 mm (∼2 in.) over broader, more coincident area, further east. Finally, the sea level pressure pattern (Figure 16(a) ) revealed a broad trough of low pressure across northern Missouri and central Illinois. That same region was home to a region of 1000-500 hPa thickness diffluence (Figure 16(a) ), supporting the idea of low-level convergence as suggested by [24] and the 850 hPa analysis in Figure 14(a) . Lastly, the 2 m gradient across northern Missouri and along the Mississippi River makes a strong case for this convection being elevated, and less so over the EAX CWA proper.
Soundings for both the EAX CWA (typified by the sounding from Kansas City [MKC] in Figure 17(a) ) and the area of significant precipitation (Figure 17(b) ) resemble the frontal (Figure 11(a) ) and nonfrontal ( Figure 11(b) ) composites of elevated convection. It is clear from Figure 16 that the MKC sounding (Figure 17(a) ) is on the warm side of the lowlevel thermal boundary, but the night time hour (0600 UTC) allowed a nonfrontal surface-based inversion to form. The lifting parcel level (LPL; 950 mb) in that area is lower, but the lapse rate in the free atmosphere helps to drive the MUCIN up to 90 J kg −1 and the level of free convection (LFC) to the 700 mb level. Moreover, the vertical motion diagnosed by the NARR yielded downward motion at the LPL. Meanwhile, the heavy rainfall sounding from Lamoni, Iowa (Figure 17(b) ), was clearly a frontal sounding, with easterly low-level flow, and a surface temperature cooler than the surface dew point in the MKC sounding (Figure 17(a) ). The Lamoni sounding possessed a much higher LPL (875 mb), but a much smaller CIN (19 J kg −1 ), and lower LFC (760 mb). In addition the atmosphere over Lamoni, Iowa, is moister up to ∼700 mb, with NARR diagnosed upward motions of −6 b s −1 at the LPL (875 mb).
In summary, the EAX CWA seems a plausible location for heavy rainfall. Both upper-level divergence and low-level support (jet location and advection) are amenable but stronger to the east over Illinois. Moreover, the EAX CWA straddles the low-level thermal boundary, with the best Index values to the south over the warmer air. However, the sounding analyses reveal a more capped environment over the MKC area, further hampered by downward motion at the LPL. Thus the necessary ingredients for heavy rainfall with elevated convection are present over the entire area, but were maximized to the northeast over Iowa and Illinois and with sufficient lift to release the instability.
Conclusions
This study extends the results of [25] and provides a statistically meaningful look at elevated convection events with heavy rainfall in the favored Missouri-Kansas-Oklahoma region. The present study does not focus strictly on the occurrence of flash flooding as did [7] , but then neither did the work of Colman [1, 2] . Instead our search was focused on elevated convection events that produced over 50 mm (2 ) of rainfall in 24 hours. Even so, 68% of the events in this study had associated reports of flooding or flash flooding in the Storm Events Database or Storm Data Publications, and our search spanned time frames that dwarfed both the [1, 2] and [7] studies. Thus, our study provides not only robust mean fields, but also a measure of variability from a larger sample that allows greater confidence than evaluation of mean fields alone.
Of the many fields examined, several produced a significant signal in their mean fields, and a select few also generated surprisingly small IQR values. The fields with strong signal but also large variability were the 250 hPa jet streak to the northeast of the region, with divergence values over the event site of >3 × 10 −5 s −1 . In addition, the event site was within or just south of 850 hPa advection maximum (and convergence maximum) allowing one to infer the low-level jet from the south-southwest. The fields with strong signal and small IQR were the -index, with values >32, and precipitable water with values >40 mm (∼1.6 in.), both of which were maximized very near to the event site. These parameters have been associated with the heavy rainfall environment for years [5] . The 2 m gradient, which helps to confirm elevated convection, was well south of the event site, similar to [1, 7, 12, 13] . Of course, the entire region is also typically found just upstream of the 500 hPa ridge axis [5] . These features all point to a reliable signal of low-level warming and moistening above a frontal inversion, downstream of the exit region of a low-level jet streak and beneath upperlevel divergence [7] . Low-level increases in temperature and moisture are highlighted by the 850 mb advection, as well as increases in potential instability revealed in the crosssection evolution. This parameter set highlights signatures of destabilization and forcing for ascent in a moistening atmosphere [5] . Soundings are critical to diagnose the type of elevated convection (frontal versus nonfrontal) and to aid in the assessment of whether the atmosphere, which plan-view composites suggest will produce elevated convection, will actually become convective. The typical arrangement of these plan-view parameters is shown in the schematic in Figure 18 .
The results provided here largely corroborate those that have gone before regarding the typical environment for elevated convection with heavy rainfall as seen in planview [5, 7] and cross-section [7, 12] . However, the current work also adds plan-view analysis of the variability within those fields via the interquartile range and those parameters which possess a strong signal but reduced variability, namely: the 200 hPa divergence (a proxy for lift); the Index (a proxy for instability); and the precipitable water (a proxy for the column moisture). All of these parameters are highlighted in Figure 18 . Additionally, both frontal and nonfrontal soundings from the elevated convection environment are a novel addition, and provide mean and standard deviation values. Both sounding types reveal a near-surface inversion, substantial CIN, and a need for organized forcing. This updated analysis will enhance the prediction of such heavy rainfall producing events.
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